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Abstract 
In collaboration with two commercial distributors we have tested a new concept for distribution, where convenience 
products for the food service industry are prepared, frozen and packed in cardboard boxes, but distributed in the chill 
chain at +5°C instead of in the frost chain. This will lead to a partial thawing before reaching the end user. The high 
thermal buffering capacity of the product under thawing ensures that the product temperature remains stable at 
subzero temperatures, also in cases of temperature abuse for some hours. To investigate and validate the concept, 
cardboard boxes packed with small blocks of a frozen model food (23 pct. Tylose® gel) and quipped with 
temperature loggers were distributed by trucks operating in the cold chain. In addition, controlled storage and 
temperature abuse experiments were conducted. To predict the product temperature–time relationship we developed a 
new thawing model for the slow thawing of food pieces packed in a box. The model is based on enthalpy balances 
under quasi-stationary conditions; a condition that is fulfilled in the practical distribution experiments. The 
experiments confirmed the model predictions that the products were still partially frozen even after two days or more 
of distribution at +5oC, and that the temperatures inside the product and in the middle of the box were quite stable 
against the normal oscillations of the ambient temperature in the cold chain. The product temperature was also robust 
against temperature abuse, as predicted. The new distribution method not only has the potential of prolonging product 
shelf life but also gives the distributors an increased flexibility in the distribution chain. 
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1. Introduction 
The consumption of professionally prepared meals is growing due to mega-trends in demography and 
life-style [1]. This has created an increasing demand for convenience products for the food service sector 
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in order to reduce tedious, labour-demanding or unhealthy operations in professional kitchens. Examples 
of such convenience products are pre-fried meat and stir-fried vegetables. Such products can be produced 
industrially in a new continuous process and show promising properties regarding high culinary quality 
[2] (see also http://www.bchltd.com/prowok.html). However, if prepared and distributed as chilled 
products, the shelf life is often limited to a few days, which puts extra demands on the logistics in the 
supply chain from producer to end user. 
 
In collaboration with two commercial distributors we have tested a new concept for distribution, where 
the products are prepared, frozen and packed in cardboard boxes, but distributed in the chill chain at +5°C 
instead of in the frost chain. This will lead to a partial thawing before reaching the end user. This 
distribution method is different from freeze chilling, where the products are distributed in the frost chain 
[3]. The hypothesis is that the thermal buffering capacity of the product under thawing ensures that the 
product temperature remains stable and below 0°C, which should give a prolonged shelf life. We have 
proven in earlier studies on frozen fish [4] and on pre-fried celeriac and carrot [5] that the shelf life of 
these sensitive products was extended to a week or more.  
 
The objective of this work is to investigate in practice and validate through modelling that it is possible 
to distribute in the cold chain partially frozen convenience products packed in conventional cardboard 
boxes at +5°C. Furthermore, we shall demonstrate through experiments validated by the model that the 
thermal buffering capacity of the products makes them robust against accidental temperature abuse or late 
delivery. As a model food we chose a 23 pct. Tylose (methyl cellulose) gel, which is widely used in 
research to mimic the freezing and thawing behaviour of lean meat [6]. 
 
Nomenclature 
 
dQ  amount of heat transferred over a time period dt  J 
Ta temperature ambient      ºC 
Ti temperature inside box     ºC 
U overall heat transfer coefficient     W/ m2K 
A  surface area of cardboard box    m2 
Tp temperature of product      ºC 
hi heat transfer coefficient inside box    W/m2K 
x thickness of cardboard     m 
k heat conductivity of wall     W/m K 
ha heat transfer coefficient from box to ambient   W/m2K 
Tp product temperature as a function of enthalpy content  ºC 
Ap surface area of product      m2 
ȟH enthalpy content of the product    J/kg 
Mp mass of product      kg 
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2. Material and Methods 
2.1. Sample preparation 
Tylose gel was prepared by mixing water at 65ιC with Tylose® MH 1000 (Handelshuset Nidaros, 
Denmark) in the ratio 77:23 [6]. The gel was kneaded and pressed into box-shaped moulds (0.25 × 0.09 × 
0.06 m3), vacuum packed and stored at room temperature before further use. The blocks of gel were then 
cut into two sizes of gel pieces, A (0.11 × 0.03 × 0.03 m3) and B (0.025 × 0.03 × 0.03 m3) approximating 
the size of convenience products of 0.1 kg or 0.02 kg, respectively. The pieces were wrapped in 
household PVC film and packed randomly in corrugated cardboard boxes with the outer dimensions of 
0.39 × 0.29 × 0.15 m3 and a wall thickness of 0.004 m. Each box contained about 6.5 kg gel, 
corresponding to a degree of filling of 403 kg/m3, which is in line with typical degrees of filling for 
frozen products, such as cod fillets or chicken spears.  
Four temperature-time loggers (TinytagPlus from Metric International) were placed in each box. Two 
loggers were placed in one top and one bottom corner of the box, respectively. Two other loggers were 
placed in the middle of the box, one with the probe inside a block of gel and one with the probe 
surrounded by all the blocks. The boxes were transported by car to the respective commercial operator 
and placed on frozen storage at the distribution centre at -20°C for minimum four days to allow the 
products to freeze completely. On the day of the distribution experiment, the boxes were transferred from 
frozen storage to a nonspecific truck with chilled storage and placed randomly inside. The boxes were 
transported in the cold chain at +5°C in trucks from either Inco Danmark a.m.b.a. or Catering Engros A/S 
and returned to frozen storage at the distribution centre until the next distribution round. After an agreed 
time period, in which several distribution experiments were conducted, the boxes were picked up by car 
and the loggers emptied for raw data. An additional experiment was made where the boxes were allowed 
to thaw completely in a cold cabinet at +5°C. In two more of the thawing experiments, the boxes were 
exposed to a temperature abuse after 3 h by placing them at room temperature (20°C) for 1 h or 3 h, 
respectively.   
2.2. Modelling 
The modelling of the product temperature is based on the simplification that the thawing process is 
slow during the later phase of thawing (i.e. when the ice fraction is below 0.8, which for lean meat 
corresponds to a temperature above -9oC), but also that the product is not completely thawed. This makes 
it possible to model the thawing by an energy balance under quasi-stationary conditions, which implies 
the following assumptions: 
1. Approximately uniform temperature inside frozen food Æ thawing rate / heating rate is 
determined by the heat transfer over the product surface 
2. Uniform air temperature and natural convection inside the box 
These assumptions are substantiated later under Results and Discussion. Figure 1 below shows the 
principal variables for the modelling.   
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Fig. 1. Schematic presentation of the temperature variables and heat transfer coefficients for slow thawing of frozen food pieces in a 
cardboard box 
 
The amount of heat transferred from ambient in a time period, dt: 
 
  dtAUTTdQ ia    (1) 
 
Where dQ is the amount of heat transferred over a time period dt. Ta is the ambient temperature and Ti 
the temperature of air inside the box both in oC. U is the heat transfer coefficient across the cardboard box 
walls in W/(m2·K). A is the surface area of the cardboard box in m2. 
 
U is calculated by 
ai hk
x
hU
111   
 
Where hi is the heat transfer coefficient inside box in W/(m2·K), and ha the heat transfer coefficient 
from box to ambient also in W/(m2·K), k is the heat conductivity of the wall in W/(m·K) (for corrugated 
cardboard, k is typically twice that of air) and x is the thickness of the cardboard in m.   
 
dQ is equal to the heat transferred inside the box to the product: 
 
  dtAhTTdQ pipi    (2) 
   
Where Tp is the temperature of the product in oC, and Ap the surface area of the product. This causes a 
change in enthalpy content: 
 
pMHddQ '   (3) 
   
Where ǻH is the enthalpy content of the product in J/kg and Mp the mass of the product in kg.  
Isolation of Ti from (2) and (1) after cancelling of dt on both sides: 
 
  pipapiiiapippii AhTAUTAUAhTAUTAUTAhTAhT     
 
Dividing by UA and adding +Tp and -Tp: 
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A dimensionless fraction, y, characterises the heat transfer conditions in the package: 
AUAh
AU
y
pi 
   (5) 
 
y => 0 for a very well-insulated box 
y => 1 for the product with negligible insulation capability of the box (e.g. no box at all) 
 
dt is determined by combining (1) and (3): 
 
    AUTT
MHd
dtMHddtAUTT
ia
p
pia 
'
 '        (6) 
 
The time-temperature history of the product is now determined by incremental increases of ǻH from 
the initial ǻH = ǻH0 to the final ǻH = ǻHn.  
 
For the first step:  
 
ǻH1 = ǻH0 + dǻH, and for step j: ǻH j = ǻHj-1 + dǻH   (7) 
 
Each of these enthalpies corresponds to a given product temperature given by the inverse enthalpy 
function, Tp = f(ǻH). Thus:  
 
Tp,j = f(ǻHj), and T p,j-1 = f(ǻH j)  (8) 
 
The inverse enthalpy function was established for steps of dǻH = 1 kJ/kg on the basis of the enthalpy 
data for 23 pct. Tylose from Pham et al. (1994) [8]. 
The average temperature in the time interval, dt, (eq. 6) is taken as the average: 
 
 
2
1,,  jpjpp
TT
T   (9) 
 
Equations (4) to (9) were solved stepwise in an Excel® spreadsheet for dǻH = 1 kJ/kg to give the 
time-temperature relationship during thawing. From the time-temperature history of the product it is 
possible to calculate the quality wear [7]. This feature is part of the model we use; however, it is not 
relevant for the present paper and is therefore omitted here. 
 
At the melting point, Tm, which is -0.62ºC for 23 pct. Tylose [8], the inverse enthalpy function exhibits 
a sharp upwards bending, because the increase in enthalpy is no longer absorbed by the latent heat of 
melting, and the further temperature rise is now determined by the heat capacity of unfrozen Tylose gel 
which is 3.78 kJ/(kgÂK). This singularity and the further heating, which lies outside the region of practical 
use for the concept of distribution during thawing, cannot be simulated by the above equations. In the 
model the further heating is represented by a short, steep, straight line only to mark the melting point. 
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3. Results and Discussion 
3.1 Assumption of quasi-stationarity  
The Stefan number is small (<0.04) so a basic requirement of quasi-stationary conditions is met [9]. 
Using thermal data for the Tylose gel [8], a characteristic length of 0.015 m (half the thickness) and a 
value of hi of 6 W/( m2·K), the Biot number (Bi) at the beginning of the thawing is 0.055. Bi increases to 
0.16 during thawing of the outer layer. Thus, Bi lies in a region where the total heat transfer is dominated 
by the convective heat transfer to the product. Simulations show that in the present case, where dǻH =1 
kJ/Kg, then (Tp,j–T p,j-1) < 0.2ºC and dt >340 s for Tp > -9oC. For frozen Tylose gel this period 
corresponds to a Fourier number (Fo) of around 1.3 in the beginning of the thawing period; Fo increases 
with the progress of the thawing front. Thus, Fo is quite high and together with the low Bi corroborate the 
assumption that the temperature gradients in the frozen part of the product are small. The experimental 
data from both the distribution experiments (Figure 2) and the temperature abuse experiments (Figure 3) 
confirm that the temperature gradient is negligible, because the temperature curve for the sensor placed in 
the centre of a product block and the one placed amidst the blocks (“middle of box”) follow each other 
closely. 
3.2 Demonstration of temperature stability during distribution  
Figure 2 shows an example of the temperature curves for three consecutive distribution cycles. The 
figure shows that the product temperature increases smoothly but also remains at subzero temperatures 
during the distribution in the cold chain. The temperature at the top corner of the box fluctuates 
considerably, reflecting fluctuations in the ambient temperature, while the temperature in the middle of 
the box amidst the blocks of Tylose is stable against these fluctuations and closely follows the product 
temperature. This confirms that the partially thawed blocks of the model food product exhibit the 
predicted high thermal buffering capacity.  
Fig. 2. Temperature curves from a distribution experiment with small blocks (B) 
3.3 Simulation of product temperature during thawing 
The thawing model was used to simulate the product temperature curve from the thawing experiments 
in the cold cabinet at +5°C. Using ha = hi = 6 W/( m2·K) and k = 0.07 W/(mÂK), U is calculated to be = 
2.56 W/( m2·K). The dimensions of the box gave A = 0.430 m2. The mass and dimensions of the product 
gave Ap = 0.975 m2 for the big blocks (A) and Ap = 1.382 m2 for the small blocks (B). Because of the 
tight packaging of the blocks, the effective product area, Ap, is lower than the sum of the individual 
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surface areas of the blocks; Ap was therefore multiplied (somewhat arbitrarily) in both cases by a 
shadowing factor of z = 0.75. The dimensionless fraction, y, was 0.20 (A) and 0.15 (B), respectively, 
indicating that the thawing process is largely governed by the heat transfer over the box walls, cf. eq. (5). 
This was also confirmed by changing z over the interval 1.0 to 0.5, because this only affected the 
simulated thawing times moderately. For the big blocks (A) the thawing time increased from 68 h (z = 
1.0) to 78 h (z = 0.5); for the small blocks (B) it increased from 65 h (z = 1.0) to 73 h (z = 0.5). 
Comparing the simulated temperature curves with the measured curves is difficult because the 
temperature rises so slowly during the late thawing period that even a small uncertainty (± 0.1°C) in the 
measured product temperature corresponds to a change in time of about 5 h. However, in most cases the 
thawing time could be identified from the predicted sudden rise in temperature, and this serves as an 
indication for comparison. For the big blocks (A) the observed thawing time was 105 h and for the small 
blocks (B) 63 h, which are of the same order of magnitude as the predicted thawing times in the above 
section. 
 
3.4 Temperature abuse experiments 
Figure 3 shows the results of one of the temperature abuse experiments, where the box was exposed to 
3 h at room temperature. This temperature change in the surroundings causes a rapid increase and later 
also a rapid decrease in the air temperature inside the box at the top corner. A similar pattern, although 
less pronounced is observed at the bottom corner of the box. In contrast, the temperature in the middle of 
the box amidst the blocks of Tylose is stable against these fluctuations and closely follows the product 
temperature, which confirms the conclusion drawn from the distribution experiments. The period of 
temperature abuse does not cause any drastic change in product temperature, but it can also be seen from 
the temperature curve that it rises more steeply during the period of abuse, as expected from the eq. (6) 
and (4) in the model. 
 
Fig. 3. Temperature curves from a 3 h temperature abuse experiment with small blocks (B) 
 
The simulation of temperature abuse was done by programming a change in Ta in eq. (4) and (6) from 
+5ºC to +20ºC in the time interval of abuse. Although the conditions of quasi-stationarity cannot be 
upheld by this sudden increase in the amount of heat transferred, the approach is justified by the 
assumption that a few hours after the abuse, the extra heat is dissipated uniformly in the product in the 
form of a rise in product enthalpy. The effect is that the thawing time is reduced.  
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Figure 4 shows the results of simulating the above experiment. The temperature curve for the 3h 
thermal abuse is shown in black, and in the case of no abuse the curves are shown in grey.  
Fig. 4. Simulated temperature curves from a 3 h temperature abuse experiment with small blocks (B) 
 
The simulation clearly shows that the thawing time is reduced 68 to 63 h. The product temperature 
rises more steeply in the time interval of temperature abuse, just as is in the experimental data in Figure 3. 
However, Ti, which is the average air temperature in the box, does not rise immediately to a higher, 
constant level as in Figure 3; instead there is a sudden jump followed by a slow rise. This reflects that the 
assumption of a uniform air temperature inside the box is not fulfilled in the experiment, which also could 
not be expected. This assumption is apparently also not fulfilled in the experiments with no temperature 
abuse, as can be seen from Figure 3. The temperature measured at the top of box is always higher than the 
temperature at the bottom, which is to be expected in a closed box with no forced circulation of the air. 
This complication means that Ti represents a nominal air temperature in the range between the top 
temperature and the temperature close to the product, and it is not immediately possible to predict where 
in the box the air temperature should be measured to represent Ti as best as possible.  
 
Table 1. Comparison of simulated and measured thawing times in temperature abuse experiments
 Big blocks (A) Small blocks (B) 
 No abuse 1 h abuse 3 h abuse No abuse 1 h abuse 3 h abuse 
Simulated time (h) 70 69 66 67 66 62 
Measured time (h) 105 92 47 63 57 N/A 
N/A: Data Not Available due to apparent malfunction of the temperature logger in the late phase of thawing 
Table 1 shows the simulated and measured thawing times for all the three temperature abuse 
experiments. It appears that the simulation predicts the directions of the changes in thawing times 
faithfully. For example, the observed thawing times for the big blocks are longer than for the small 
blocks, and the thawing times are reduced with the length of temperature abuse. The deviations from the 
simulated and measured thawing times can probably be ascribed to the difficulties in measuring the 
thawing times accurately, to the fact that the air temperature inside the box is not uniform, and finally to 
the simplification that the heat transfer coefficients are all estimated and set to be constant. The data also 
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suggest that the effect of temperature abuse on thawing time is more pronounced than predicted from the 
model. A reason for this could be that the air is not in thermal equilibrium which causes the measured air 
temperature inside the box to increase more than predicted, as discussed above. 
4. Conclusion 
The results of the distribution experiments, the temperature abuse experiment, and finally the 
modelling all corroborate the feasibility of the concept of partial thawing during distribution. The 
experiments confirmed the model predictions that the products would still be partially frozen even after 
two days or more of distribution at +5oC, and that the temperatures inside the product and in the middle of 
the box are quite stable against the normal oscillations of the ambient temperature in the cold chain. The 
product temperature was also robust against temperature abuse, as predicted.  
When the results of the experiments were presented to one of the commercial distributors they pointed 
out that the concept was of considerable interest to them, because it would allow them to sometimes 
temporarily store the convenience products in frozen storage and only release them in the cold chain on 
demand. This would give the distributors an increased flexibility in the managing of the distribution 
chain. 
References 
[1] Buckley M. Cowan C. & McCarthy M. The convenience food market in Great Britain: Convenience food lifestyle (CFL) 
segments. Appetite 2007;49(3):600-617. 
[2] Adler-Nissen J.. Continuous wok-frying of vegetables: Process parameters influencing scale up and product quality. Journal 
of Food Engineering, 2007;83:54-60. 
[3] O’Leary E. Gormley T.R. Butler F. & Shilton N. The effect of freeze–chilling on the quality of ready-meal components. 
LWT – Food Science and Technology  2000;33:217–224. 
[4] Jensen L. H. S. Nielsen, J. Jørgensen B. M. & Frosch S.. Cod and rainbow trout as freeze-chilled meal elements. Journal of 
the Science of Food and Agriculture 2009;90:376-384. 
[5] Dissing B. Clemmensen L. H. Løje H. Ersboll B. K. & Adler-Nissen J. 2009. Temporal reflectance changes in vegetables. 
Paper for IEEE Color and Reflectance in Imaging and Computer Vision Workshop, Kyoto, Japan, 4th October, 2009. 
[6] Anderson B.A. & Singh R.P.. Moisture Diffusivity in Tylose Gel (Karlsruhe Test Material). Journal of Food Science 2005; 
70(5):331-337. 
[7] Lai D-J. & Heldman D.R.. Analysis of kinetics of quality changes in frozen foods. Journal of Food Process Engineering, 
1982;6:179-200. 
[8] Pham Q.T. Wee H.K. Kemp R.D. & Lindsay D.T.. Determination of the enthalpy of foods by an adiabatic calorimeter. 
Journal of Food Engineering 1994;21:137-156.  
[9] Ramos M. Sanz P.D. Aguirre-Puente & J. Posado R.. Use of the equivalent volumetric enthalpy variation in non-linear 
phase-change processes: freezing zone progression and thawing-time determination. International Journal of Refrigeration 
1994;17(6):374- 380. 
  
 
 
 
Presented at ICEF11 (May 22-26, 2011 – Athens, Greece) as paper AFT634. 
